Background: electronic cigarette (e-cigarette) use has increased rapidly in recent years. given the unknown effects of e-cigarette use on cigarette smoking behaviors, e-cigarette regulation has become the subject of considerable controversy. in the absence of longitudinal data documenting the long-term effects of e-cigarette use on smoking behavior and population smoking outcomes, computational models can guide future empirical research and provide insights into the possible effects of e-cigarette use on smoking prevalence over time. Methods: agent-based model examining hypothetical scenarios of e-cigarette use by smoking status and e-cigarette effects on smoking initiation and smoking cessation. Results: if e-cigarettes increase individual-level smoking cessation probabilities by 20%, the model estimates a 6% reduction in smoking prevalence by 2060 compared with baseline model (no effects) outcomes. in contrast, e-cigarette use prevalence among never smokers would have to rise dramatically from current estimates, with e-cigarettes increasing smoking initiation by more than 200% relative to baseline model estimates to achieve a corresponding 6% increase in smoking prevalence by 2060. Conclusions: Based on current knowledge of the patterns of e-cigarette use by smoking status and the heavy concentration of e-cigarette use among current smokers, the simulated effects of e-cigarettes on smoking cessation generate substantially larger changes to smoking prevalence compared with their effects on smoking initiation. (Epidemiology 2016;27: 819-826) E lectronic cigarette (e-cigarette) use has increased substan-FIGURE 4.
tially in recent years, from 1.0% of US adults reporting ever using e-cigarettes in 2009 to 13% in 2013. 1, 2 the prevalence of current e-cigarette use among US adults has also grown from 0.3% in 2010 to 6.8% in 2013. 1 to date, almost all research examining e-cigarette use by smoking status has shown that current smokers are more likely to currently use, initiate use of, and experiment with e-cigarettes. [2] [3] [4] [5] [6] While the majority of current e-cigarette users are also current cigarette smokers, nearly a third are former or never smokers. 1, 7 the rapid increase in e-cigarette use is of growing concern to public health authorities as e-cigarettes are being marketed as smoking cessation aids and safe alternatives to traditional cigarettes, 8 without consistent scientific evidence supporting these claims. Some experts believe that e-cigarettes have the potential to reduce the toll of cigarette smoking on population health, 9 while others are concerned that e-cigarettes may weaken tobacco control efforts by renormalizing smoking behavior and serving as a gateway for cigarette smoking initiation among young adults. 10 While public health surveillance efforts continue to monitor rates of e-cigarette trial and experimentation, particularly among youth, 11 longitudinal data evaluating the long-term effects of continued or current e-cigarette use on traditional cigarette smoking cessation or initiation in youth and adult populations are not yet available. two small randomized controlled studies, both lasting less than 2 years, suggest that e-cigarette use among cigarette smokers increases smoking cessation relative to placebo e-cigarettes, with efficacy comparable with other cessation aids. 12, 13 conversely, one recent longitudinal study found a positive association between ever use of e-cigarettes and initiation of cigarette smoking among high school students in los angeles, suggesting that gateway effects may indeed exist. 14 However, most evidence of e-cigarette initiation and cessation relies on self-reported smoking behaviors and convenience samples with known limitations. 2, 15 in the absence of robust, longitudinal, empirical data, computational models can support decision-making by investigating a range of possible outcomes under different scenarios. 16 agent-based models have the unique benefit of generating population-level outcomes from aggregated individual-level behaviors. these models have been used to explore complex social dynamics and health behaviors where feedback between individuals (e.g., in cessation and initiation behaviors of traditional tobacco and alternative products) generate complex interactive landscapes that affect relevant health outcomes. [17] [18] [19] [20] a recent institute of Medicine report highlighted the value of simulation models when there is need for regulatory policy on public health issues for which existing empirical data are insufficient. 21 an agent-based model approach is particularly amenable to questions of smoking and e-cigarette use given the potential for behavioral feedback dynamics to occur as individuals experiment with new products. in particular, the likelihood of e-cigarette initiation differs by individual characteristics such as smoking status and propensity to try e-cigarettes as they become more popular, which can drive changes to e-cigarette use prevalence and incidence at the population level. Positive feedback mechanisms over time and trait heterogeneity are difficult to capture using traditional statistical methods and population-level compartmental models, which are subject to exponentially increasing programming complexity problems as more individual-level traits are included. 21, 22 in this study, we develop a computational model of traditional cigarette smoking (smoking) and e-cigarette use to examine how different levels of e-cigarette effects on adult smoking behaviors (i.e., smoking initiation and cessation) generates changes to population-level smoking patterns under a range of hypothetical scenarios. in particular, we simulate the potential population-level outcomes generated from individual-level e-cigarette use under the following scenarios: (1) e-cigarettes inhibit smoking cessation; (2) e-cigarettes support smoking cessation; (3) e-cigarettes encourage smoking initiation; and (4) e-cigarettes discourage smoking initiation. We do not simulate the health risks of e-cigarette use independent of their effects on cigarette smoking, although some early studies have characterized such potential risks. 23, 24 the objective of this study is to identify a range of relative changes to population-level smoking prevalence generated by varying e-cigarette effects on smoking behavior.
METHODS

Model Overview
We developed an agent-based model that simulates cigarette smoking as well as e-cigarette use. agent-based models provide flexibility and modularity for model development, enabling us to apply a range of magnitudes and directions of e-cigarette effects on smoking behavior according to smoking status at the individual level. in addition, the modularity of this approach can be readily extended to include other alternative tobacco products (e.g., chewing tobacco and snuff), an eventual future research objective. We used data from the national Health interview Survey (nHiS), 25 the US census, 26 the centers for Disease control and Prevention, 11, 27 the cancer intervention and Surveillance Modeling network (ciSnet), 28, 29 in addition to epidemiologic, clinical, and modeling studies. 1, 2, 7, 12, 30, 31 this model simulates a population of US adults, aged 18 to 85, and their smoking and e-cigarette use status starting in the year 1997 and ending in 2070. the model has four binary (yes/no) nicotine-use states: (1) exclusive e-cigarette user (e-cigarette user), (2) exclusive cigarette smoker (smoker), (3) dual user of both e-cigarettes and cigarettes (dual user), and (4) never user of either product (never user). a model diagram illustrating all possible nicotine use states and transitions is available as supplementary material (eFigure 1; http://links.lww.com/eDe/B52). individuals' smoking status affects their transitions between nicotine-use states and their probability of death each year. reflecting our input data sources, we define current e-cigarette use in this model as any individual using e-cigarettes every day or some days. We define current smoking as having smoked at least 100 cigarettes in one's lifetime and currently smoking every day or some days.
Model Assumptions
Our model assumes that e-cigarette use status emulates smoking status, with transitions from never user to current user, to former user. age-specific smoking cessation rates in our model are based on ciSnet estimates, which assume that individuals have quit for at least 2 years with no relapse. We assume no relapse back to e-cigarette use once an individual quits e-cigarette use. individuals in our model do not initiate smoking after age 30, consistent with evidence showing almost no smoking initiation beyond that age. 32 We also assume no e-cigarette initiation beyond age 30, given dramatically higher rates of e-cigarette initiation and current use among young adults (age ≤ 25) compared with older adults. 1,2,10 this assumption places a conservative bound on the magnitude of decline to population-level smoking prevalence due to positive e-cigarette effects on smoking cessation. the annual probability of quitting e-cigarettes is set to 0.026, reflecting annual population smoking cessation rate estimates in 2009. 33 consistent with observed patterns of e-cigarette use, never and former smokers in this model are 15 and 6 times less likely than current smokers, respectively, to initiate e-cigarette use, which closely approximates data on reported e-cigarette prevalence. 1, 7 Finally, this study focuses on the impact of e-cigarettes on estimated adult smoking prevalence, so we assume no further negative health effects due to e-cigarette use independent of their effects on cigarette smoking behavior.
Model Description
at each time step, every simulated person ages by 1 year and either stays in the current nicotine-use state, moves to a different state (e.g., a never smoker starting to smoke), or dies. Movement between nicotine-use states are probabilistic and determined by a combination of individual age, empirical data on the risk of transition from one state to another (e.g., the annual probability that a 22-year-old nonsmoker, current e-cigarette user, initiates smoking), and model parameters representing e-cigarette effects. every year, new 18-year olds enter the population through a "birth rate" that reflects the 1997 birth rate as reported by the centers for Disease control and Prevention. 27 to account for early youth initiation of e-cigarettes, 1, 11 approximately 14% of 18-year olds enter the population as current e-cigarette users, regardless of smoking status, beginning in 2009. table presents a subset of model parameter descriptions used in this article. in this model, the scenario that generates the lowest smoking prevalence would simulate a 200% increase in smoking cessation rates with a 100% decrease to smoking initiation due to e-cigarettes (i.e., three times greater cessation and no smoking initiation). in contrast, the scenario that would generate the highest smoking prevalence would simulate a 100% decrease in smoking cessation rates with a 200% increase in smoking initiation (i.e., no smoking cessation and three times greater smoking initiation). Please refer to the supplementary material of this manuscript for a complete model description (eappendix 3.1-3.4; http://links.lww.com/eDe/B52), pseudo-code (eappendix 5.2; http://links.lww.com/eDe/B52), as well as a list of all model parameters, equations, and citations for the assumptions and rules governing the model (etables 1 and 2; http:// links.lww.com/eDe/B52).
Model Calibration
to achieve baseline estimates of future smoking prevalence, we calibrated a "smoking only model" to historical and projected smoking estimates in the US using data from nHiS and ciSnet. 28, 29 For the years 1997-2013, smoking prevalence estimates from this model were within the 95% confidence intervals for smoking prevalence as reported by nHiS for all years except in 2002 (etable 3; http://links.lww. com/eDe/B52). next, to calibrate e-cigarette use prevalence by smoking status to the current literature, we incorporated e-cigarettes in a "baseline" model. the baseline model simulates e-cigarette initiation and cessation using a time-based sigmoidal function representing the rapid uptake of e-cigarettes in the population and eventual plateau due to saturation, analogous to the diffusion of innovations theory often used in systems science research. 34 Using this sigmoid function, the e-cigarette initiation rate among current smokers is low in 2009, 2 years after the first introduction of e-cigarettes into the US market, and when empirical research of e-cigarette use first begins to emerge. 35 this initiation rate then grows exponentially until 2016, when the initiation rate plateaus to a maximum level that is then held constant until the end of our simulations in 2070 (the timing and level of the plateau are tunable model parameters). the baseline model assumes no e-cigarette effects on smoking behavior to serve as a platform for experiments examining the independent e-cigarette effects on smoking prevalence. Please refer to the supplementary material for full calibration outcomes (etable 3; http://links. lww.com/eDe/B52), discussion of these outcomes (eappen- 
E-cigarette Effects on Smoking Initiation and Cessation
after establishing the baseline model, we performed experiments allowing e-cigarette use to alter the rate of smoking initiation, smoking cessation, or both to assess the outcomes of the potential harm-inducing and harm-reducing effects of e-cigarettes. While holding the parameters that determine e-cigarette use prevalence by smoking status constant, we modify e-cigarette effects on smoking initiation and cessation with increases of 0% to 200%, or decreases of 0% to 100%, relative to baseline (i.e., no effect) rates. e-cigarette use effects below 100% result in decreases to annual baseline estimates of smoking initiation and cessation, while e-cigarette effects above 100% result in increases to annual baseline estimates of smoking initiation and cessation. For example, with an e-cigarette cessation effect of 200%, a 30-year-old smoker would increase their annual probability of quitting traditional cigarettes from a baseline of 0. 026 28 to 0.078. the table shows parameter descriptions and a range of values that this model explored.
Sensitivity Analyses
to assess the robustness of our results and to examine unexpected changes to the model resulting from the interaction of parameters, we performed sensitivity analyses parameters governing the operationalization of our model assumptions. Sensitivity analyses were conducted on the following parameters in scenarios with and without e-cigarettes to identify any potential interaction abnormalities: (1) maximum age at e-cigarette initiation, (2) rate which e-cigarette initiation rates increase over time, (3) maximum probability of e-cigarette initiation, (4) amount of time from e-cigarette introduction to maximum e-cigarette initiation, and (5) smoking cessation rates by birth cohort. Figure 1 shows projected population e-cigarette prevalence by smoking status from 2010 to 2070 using the baseline smoking model (i.e., e-cigarettes have no effect on smoking initiation or cessation), which is fit to match past and present data, projected into the future. 25 ,30 e-cigarette use outcomes from 2010 to 2014 are fit to existing e-cigarette use literature by smoking status, 1, 7 whereas future projections of e-cigarette use are based on the e-cigarette initiation and cessation parameters generated from the process of model fitting and the assumptions described previously. For all groups, e-cigarette prevalence increases steadily over time except among current smokers whose e-cigarette use prevalence plateaus. rising population e-cigarette prevalence in the baseline model is primarily driven by current smokers in earlier years and then by former and never smokers in later years. While the majority of e-cigarette users remain former and current smokers, the baseline model also projects a continued rise in e-cigarette use prevalence among never smokers. Figure 2 shows smoking prevalence outcomes resulting from seven hypothetical scenarios of e-cigarette effects on smoking behavior, assuming e-cigarette use patterns described in Figure 1 . this includes the baseline scenario that assumes no e-cigarette effects on smoking behavior and hypothetical scenarios of e-cigarette effects to the baseline scenario. a 20% decrease in smoking cessation due to the introduction of e-cigarette use (i.e., addiction-sustaining effects) increases smoking prevalence in 2060 by approximately 7.5% compared with baseline smoking prevalence estimates, bringing smoking prevalence from an initial baseline projection of 13.4% to 14.4%. in the case that e-cigarettes increase smoking initiation by 20% (i.e., addiction inducing "gateway" effects), smoking prevalence would increase by 0.8% in 2060 compared with baseline (13.4% to 13.5%). Under the assumption that e-cigarettes aid smoking cessation, a 20% increase in smoking cessation due to e-cigarettes generates a 6% reduction in smoking prevalence compared with the baseline scenario (13.4% to 12.6%). in contrast, e-cigarettes would have to increase smoking initiation by over 200% in the absence of any effect on smoking cessation to generate a 6% increase to baseline smoking prevalence. Overall, we observe that e-cigarette effects on smoking cessation, by either increasing or decreasing cessation, generate substantially larger changes to population-level smoking prevalence by 2070 than e-cigarette effects on smoking initiation in this model. Figure 3 shows smoking prevalence projections in 2030 and 2060 relative to baseline model outcomes under varying e-cigarette effects on smoking cessation (horizontal dimension) and smoking initiation (vertical dimension). Values above 1.0 (i.e., 100%) are increases to smoking prevalence relative to the baseline scenario, and values below 1.0 are reductions to smoking prevalence relative to baseline. the baseline scenario estimates 14.3% and 13.4% smoking prevalence for the years 2030 and 2060, respectively. there is an absence of major variation according to e-cigarette effects on smoking initiation (along the vertical axis), suggesting that population smoking prevalence is driven primarily by e-cigarette effects on smoking cessation. For instance, if e-cigarettes increase both smoking initiation and cessation by 50%, we estimate smoking prevalence to be approximately 90% of baseline estimates in 2060. that is, despite equal effects on smoking initiation and cessation, e-cigarettes would generate lower smoking prevalence in 2060. if e-cigarettes increase smoking cessation by 100% (i.e., double the likelihood of cessation), assuming baseline smoking initiation values, the smoking prevalence would decrease by 23% relative to baseline. a similar change in e-cigarettes effects on smoking initiation (i.e., they increase smoking initiation by 100%) increases baseline smoking prevalence by 1.03 times, or 3%, when assuming baseline cessation values. Figure 3 also shows greater variation in smoking prevalence in 2060 than in 2030. these patterns emerge because e-cigarette prevalence among never smokers, current smokers, and former smokers changes over time, resulting in changes to the size of exposure groups (i.e., those who are e-cigarette users). in addition, projected smoking prevalence declines from 2030 to 2060, thus modifying the relative share of the population that are eligible to quit smoking (smokers) and start smoking (never smokers). 18
RESULTS
E-Cigarette Prevalence by Smoking Status Projections at Baseline
Exploring E-cigarette Effects
Sample Model Scenarios and Smoking Prevalence Outcomes
Year Figure 4 shows smoking prevalence in 2060 relative to baseline scenario by prevalence of e-cigarette use among never smokers (y axis) and e-cigarette cessation effects (x axis). the panels assume 10%, 50%, 100%, and 200% increases to individual smoking initiation rates due to e-cigarette use (i.e., addiction inducing "gateway" effects). assuming e-cigarette exposure increases the likelihood of smoking initiation, the changing color gradient in the vertical dimension for Figure 4a -D shows that projected smoking prevalence is higher relative to baseline with increasing e-cigarette use among never smokers. the panels illustrate that, unless they increase smoking initiation by more than 100% (i.e., two times baseline smoking initiation), e-cigarettes have almost no noticeable effect on smoking prevalence, even if e-cigarettes' prevalence reaches 60% in never smokers. in the case that e-cigarettes increase initiation rates by 200% ( Figure 4D ), approximately 50% of never smokers would need to use e-cigarettes to increase smoking prevalence by 15% compared with baseline. in the same scenario, if e-cigarette use prevalence is less than 20% among never smokers, smoking prevalence increases by approximately 4%-6% relative to baseline regardless of the smoking cessation effects of e-cigarettes. e-cigarette effects on smoking cessation (horizontal gradient) become more noticeable in this extreme scenario at higher levels of e-cigarette use prevalence in never smokers, suggesting a feedback between smoking initiation and smoking cessation effects of e-cigarettes, where e-cigarettes can lead to smoking initiation first, and then also to higher rates of smoking cessation.
Sensitivity Analyses
results from sensitivity analyses across a range of parameters and parameter values suggest that our model assumptions do not substantially change our main results. the largest variation in smoking prevalence outcomes due to e-cigarettes occur when using birth cohorts earlier than the one used in the baseline model (1970) . these cohorts were observed to have much lower rates of smoking cessation, 29 and thus generated smoking prevalence trends much higher than current and future predictions. 30, 32, 36 the sensitivity analyses performed generate similar (relative) results to those presented above when exploring a range of values for parameters governing the maximum age at e-cigarette initiation, rates of adoption of e-cigarettes, the period over which e-cigarette adoption occurs, and the amount of time from e-cigarette introduction to maximum e-cigarette initiation. additional discussion of these analyses and their results are available in the supplementary material (eFigures 4-10; http://links.lww.com/eDe/B52).
DISCUSSION
Under a variety of hypothetical scenarios of the possible effects of e-cigarettes on smoking behavior, our model shows that smoking prevalence is far more sensitive to e-cigarette effects on smoking cessation than on smoking initiation. in addition, given current values of population smoking initiation and cessation and the relative prevalence of e-cigarette use between never, current, and former smokers, if e-cigarettes induce smoking in never smokers, even small increases in smoking cessation due to e-cigarettes would counteract the potential negative impact on overall population smoking prevalence. Finally, if e-cigarettes decrease smoking cessation by allowing current smokers to continue smoking, population smoking prevalence could increase considerably.
the results from our model are largely due to three main factors: First, we assumed relatively high rates of e-cigarette initiation among current smokers compared with never smokers in light of current evidence from the literature. 1, 7 accordingly, there are more smokers than never smokers using e-cigarettes in the simulated population, which means that there are more smokers susceptible to benefit from potential smoking cessation effects of e-cigarettes compared with the number of never smokers that could be affected by their potential effects on smoking initiation. Second, declining smoking initiation rates in the baseline scenario 3,21,28 generate small effect outcomes of e-cigarettes on smoking initiation rates among never smokers. that is, we multiply e-cigarette effects in the model by the underlying smoking initiation and cessation rates (e.g., 1.5 times initiation rate). given declining smoking initiation rates, even a 200% increase in smoking initiation results in relatively small absolute changes to annual age-specific smoking initiation probabilities. third, smoking prevalence is more sensitive in the short term to changing smoking cessation rates because there are greater time delays between an increase in smoking initiation rates and their eventual impact on the number of smokers in the population. thus, our analyses suggest that e-cigarettes would have to act as an extremely effective gateway to cigarette smoking to increase smoking prevalence substantially, and never smokers would have to use e-cigarettes much more than the current evidence suggests. results from our model reveal complex feedback that occurs when investigating e-cigarette effects on smoking behavior. if e-cigarettes undermine smoking cessation efforts, our results suggest that we may experience a substantial increase in smoking prevalence as more never smokers use e-cigarettes, regardless of e-cigarette effects on smoking initiation. that is, if these never smokers eventually become smokers, they would be less likely to quit smoking due to their e-cigarette use, thus raising population smoking prevalence. However, in the event that e-cigarettes increase both smoking initiation and smoking cessation, the effects on smoking initiation would have to be extremely large (i.e., increase over 200%) to offset even small cessation effects on smoking (Figure 4a-D) .
the conclusions of this study should be considered with several limitations in mind. First, our results and interpretation emphasize the general patterns produced by the model, and not the actual values, because of the challenges of quantifying e-cigarette effects, and uncertainty surrounding the sparse longitudinal data that currently exist. in particular, values presented in this article are outcomes relative to our baseline model and represent model-and parameter-specific relative estimates. therefore, these results serve only as an educated guess of the potential impact of e-cigarettes on future adult smoking prevalence. Second, our model used a variety of data sources that provide estimates of e-cigarette initiation and cessation values that can range widely across various reports and are challenging to measure accurately. third, our model does not explore any potential direct or independent health effects of e-cigarette use. Fourth, our results are largely dependent on the low and decreasing smoking initiation rate in the US. Our outcomes are not applicable to countries or settings with relatively high, stable, or increasing smoking prevalence. Finally, we made simplifying assumptions about e-cigarette use behavior and smoking behavior to account for high variability in the e-cigarette data, and improve interpretability of our model and its outcomes. While these assumptions do not meaningfully change our primary conclusions, as demonstrated in our sensitivity analyses, future study should continue to explore and refine these assumptions as further data become available.
Our study contributes to a growing literature that examines systems-level feedback and interactions relevant to smoking behavior that could not otherwise be explored using conventional statistical modeling research methods. 25, [28] [29] [30] in light of the recent institute of Medicine report specifically emphasizing the utility of agent-based models for decisionmaking related to tobacco policies, 21 this model may be of interest to those considering how simultaneous e-cigarettes and alternative tobacco product effects for individuals might translate into broader changes to population cigarette smoking patterns. these study results can also provide useful insights given the uncertain regulatory environment surrounding e-cigarettes. the US Food and Drug administration previously proposed a rule extending its regulatory authority over additional tobacco products including e-cigarettes. 37 the agency applies the "Public Health Standard" in developing regulations for new products like e-cigarettes, which considers a product's risks and benefits to the population as a whole, in addition to the individual user. 38 in exploring the possible net effects of e-cigarettes on the population by simulating such risks and benefits with respect to smoking status, this model can provide useful information for future tobacco regulation. However, to precisely determine the eventual net impact of e-cigarettes on smoking prevalence, researchers must continue to empirically evaluate the effects of e-cigarettes on smoking initiation and cessation. robust longitudinal 14 studies that assess the consequences of e-cigarette use for smoking behaviors remain paramount. as these data become available, modeling can serve as a framework to assess the potential impact of e-cigarettes under varying scenarios of use prevalence and their effects on smoking patterns. given the potential for e-cigarettes to sustain addiction by promoting dual use with cigarettes, the continued pattern of high e-cigarette use among current smokers remains a major public health concern. in this particular instance, we find that under current patterns of e-cigarette use by smoking status and a range of hypothesized e-cigarette effects on smoking behavior, it is unlikely that the potential "gateway" effects of e-cigarettes will substantially increase smoking prevalence, unless they also reduce smoking cessation rates.
